Abstract-he grain boundary composition of two Inconel Alloy 600 materials were investigated using secondary ion mass spectrometry and APFIM techniques. The chemical composition of materials was similar but they have received different heat treatments, Boron and carbon segregation to the grain boundaries has been observed in both materials. An enrichment of carbon was found at a twin boundary in material heat treated at a higher temperature (1 024OC).
Introduction
The Inconel Alloy 600 series are austenitic nickel base alloys which contain at least 72% Ni, 14-17% Cr and 6-10 % Fe. These alloys are the most widely used tube materials for steam generators in pressurized water reactors. The Alloy 600 series was initially chosen for this application because of its combination of good mechanical properties and high corrosion resistance. However during the last 10 years, steam generator tubes have experienced damage which has significantly affected their reliability. More than 90% of the tube failures were caused by some form of corrosion. At present, the most important problems are intergranular stress corrosion cracking (IGSCC) and intergranular corrosion (IGC) in the Alloy 600 tubes. Therefore, over the past several years, considerable efforts have been made to explain the mechanisms of IGSCC and IGC in an attempt to improve the stress corrosion resistance of Alloy 600. Although extensive research in this area has been carried out, the exact mechanisms of IGSCC and IGC in Alloy 600 are still unknown. AP analysis of materials with different crack initiation times were performed in order to clarify the effect of the chemical composition of grain boundaries on the stress corrosion susceptibility of Alloy 600.
Experimental
The two Alloy 600 materials (BL Alloy 600, BH Alloy 600) used in the study originated from tubes specially produced for the Electric Power Research Institute. The BL material was investigated in the as received condition, while the BH Alloy 600 was investigated after testing its resistance to IGSCC in high temperature water. This test was performed in high purity water with hydrogen addition (4-5 ppm) at 365O C with the U-bend tube specimens positioned in an autoclave.
The chemical composition of both materials is identical and is detailed in Table Ia, while their heat treatment  and crack initiation time are given in Table 11 . The grain size for BH Alloy 600 was approximately 25 Fm whereas it was less than 10 pm for the BL material.
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Specimen preparation
Pins with a cross-section 0 . 5~ 0.5 mm were cut from the materials. Atom probe specimens were prepared by a standard two step electropolishing method. In the first step a solution of 10% perchloric acid, in 20% glycerol and 70 % ethanol at room temperature and 30 V DC was used. A solution of 2% perchloric acid in ethyleneglycol-monobutylether and 15 V DC was used in the second step. The final form of the specimen, with a grain boundary close to the tip, was obtained by controlled pulsed electropolishing, in 2% perchloric acid in ethyleneglycol-monobutylether at 15 -25 V DC, combined with TEM examination.
TEM (Jeol2000 FX and Philips EM 300) was used to characterise the microstructure of the materials and also to investigate the structure of the grain boundaries which were subsequently investigated in APFIM.
Prior to atom probe investigation, all the materials were also examined by secondary ion mass spectrometry (SIMS) in order to obtain information about the distribution of different elements on large scale. The SIMS analyses were performed in a Cameca IMS 300 instrument using 02+ as primary ions.
AP analysis of all materials were carried out at 80 K using an evaporation pulse of 15% of the DC voltage.
Results

TEM
TEM analysis of BL material, canied out at AB Sandvik Steel, showed that this material contains many intragranular precipitates, mainly of M7C3 type, and some isolated grain boundary carbides. The size of both type of carbides (matrix and grain boundary) was large (0.1-0.5 pm). The density of matrix precipitates was 3x1018 particles/m3. The density of intragranular carbides in BH material was about an order of magnitude less than that in BL. The grain boundary precipitates in BH alloy were much smaller than those in BL alloy ( 0.01-O.1pm) and their average spacing varied from less than 0.5 pm to several microns.
TEM investigations of AP specimens revealed that the majority of the boundaries (six) which were analysed were planar high angle boundaries. One of the boundaries was a faceted high angle boundary. SIMS SIMS analysis of BH material revealed a definite enrichment of boron at the grain boundaries ( Fig. 1) . Carbon enrichment at the grain boundaries in this material was not so distinct.
In the BL material SIMS analysis sdowed a fairly homogeneous distribution of B and C.
APFIM
Grain boundaries in Alloy 600 appeared dark in the FIM image ( Fig. 2) The only exception were twin boundaries which were not visible in FIM.
The compositions of the matrix for BH and BL materials obtained by AP analysis (Table Ib) are in quite good agreement with that given by the manufacturer. However one exception is the carbon content. The carbon level obtained in the AP investigations appears too high considering that nearly all the carbon should be included in carbides which were not analysed during the bulk atom probe analysis. This high carbon content may be an artifact since carbon arising from adsorption of residual gases, such as carbonmonoxide and hydrocarbons, can contribute to the measured carbon concentration. The results of AP analysis of the grain boundary composition in both Alloy 600 materials are summarised in Table In. In both materials, a definite segregation of two elements, B and C, to the grain boundaries was observed. Boron was enriched at the grain boundaries to a higher degree than was carbon. It was also found that carbon segregated to twin boundaries in BH material while only a minor enrichment of boron was found at this boundary. A segregation of Ti to the grain boundaries in both materials was also observed. However enrichment at the grain boundaries of this element was not so distinct as in the case of B and C. Substantial Cr depletion near the grain boundaries was observed in BH material; whereas in the BL material, the Cr content at the boundaries differed only slightly from that of the mamx. No P or S segregation to the grain boundary was found.
In one specimen of BL material, grain boundary precipitates were observed.They appeared bright in FIM image. AP analysis of these precipitates showed that they were of MB type with composition (Cr0.68Ni0.26Fe0.04Ti 0 . d B0.87. The carbon level in these precipitates was practically equal to zero. This is a new type of precipitate which has not previously been reported in TEM investigations of Alloy 600. An enrichment of P (0.54 at.%) was also found and was well localized to the interface between matrix and these precipitates. Because the density of these precipitates in BL material is not presently known, their influence on IGSCC will be not discussed in this paper.
Discussion
The results of SIMS and APHM investigations of BH material are in good agreement. The homogeneous distribution of C and B detected by SIMS analysis of BL material can be explained by the grain size being too small for SIMS to clearly resolve the distribution of the elements at grain boundaries.
BH material was investigated after exposure to 36.5" C water until an intergranular crack was initiated (13478 h) which simulates the conditions of steam generator tubes in the reactor. In order to determine if these conditions could influence grain boundary chemistry, an estimate was made of carbon and boron diffusion lengths at 365' C. It was necessary to make an estimate because there are no available data on carbon and boron diffusion in Alloy 600. According to Gruzin et.al(1) the diffusion coefficient, D, for carbon in nickel at 365' C is 4.95 X 10-l7 m2/s. On the other hand the diffusion coefficient for carbon in 316 type steel, suggested by Agarwala (2), is 3.73 X 10-18
The diffusion coefficient for C in Alloy 600
probably lies between these two values and was then taken as lxlO-17m2Is . In the case of boron, the only available data were those for boron diffusion in austenitic steel (3) . Using this data as a guide, the diffusion coefficient for B was assumed to be one order of magnitude higher than that for carbon.
The calculations of diffusion distances L (G-d@ t) where t is time) for C and B showed that they were comparable with or greater than the grain size in the material (about 20pm for C and about 50pm for B). Therefore, the measured concentrations of these elements at the grain boundaries in BH material probably result from equilibrium segregation of B and C at 365OC.
It is known that twin boundaries are not affected by non-equilibrium segregation (3). Therefore, the observed enrichment of carbon and boron was probably caused by equilibrium segregation of these elements at 365'C. The preferential segregation of C to the twin boundary is probably due to its smaller radius and therefore better adaptation at this boundary.
A measurement of the carbon content at the twin boundary was used to estimate its binding energy to this boundary using the McLean model. In these calculations, the concentration of C in the matrix was taken to be 0.005 at% which is the solubility limit for C in Alloy 600 at 400°C. The carbon content at the boundary expressed as a fraction of a monolayer, was about 0.09. From these data, the binding energy of carbon to the twin boundary was calculated to 0.16 eV.
The measured concentrations of elements at the boundaries in BL material are the effect of the heat treatment at 927OC and of subsequent cooling.
The tests on BL material in 365OC water showed crack initiation times of 1051h (Table 11 ). The diffusion length of C in this material after 1051 h exposure to 365OC water, calculated with the help of the same estimate of diffusion coefficient as for BH material, is about 6 pm. This is comparable with the grain size in this material. Diffusion lengths for boron under the same conditions are about 25 pm . This implies that the content of C and B at the grain boundaries in the BL and in the BH material could be similar at the moment of crack initiation.
It is too early to draw any final conclusion about the mechanisms which are responsible for IGSCC in Alloy 600 at the present stage of investigation. It is known from the data for deaerated water tests that the detrimental effect of chromium depletion at grain boundaries in Alloy 600 is minor compared to the beneficial effect of intergranular carbides. According to the Rice and Thomson theory (4), the ability of an intergranular crack to propagate in a brittle, cleavage-like manner requires that a sharp crack tip be maintained. A grain boundary is capable of maintaining this shape of a crack when the stress required for dislocation nucleation from the tip is greater than that for interfacial decohesion. Grain boundary precipitates can act as a effective sources for dislocation emission (5) and in this way improve the fracture toughness of the grain boundary. It is well accepted that segregants might modify grain boundary cohesive strength. According to Seah (6), both boron and carbon will increase the maximum cohesion stress on the boundary. Maximum cohesive stress in the boundary containing 0.15 of a monolayer of B (typical B content at grain boundaries in investigated materials ) will be higher than that for a clean boundary by a factor of 1.02 (6) . Therefore it appears, at present, that the distribution of grain boundary precipitates plays the major role in the improvement of susceptibility for IGSCC of Alloy 600 while segregation and Cr depletion has a minor effect.
Summary
TEM, SIMS and APFIM techniques were used in order investigate the effect of the chemical composition of grain boundaries on the stress corrosion susceptibility of Alloy 600. TEM analysis showed a higher density of small intergranular precipitates in BH material which was more resistant to IGSCC. The precipitates were mainly of M7C3 type. A definite segregation of B and C to the grain boundaries was observed in both materials. Boron was enriched at the grain boundaries to the higher degree than carbon. A segregation of Ti to the grain boundaries in both materials was also found. However enrichment at the grain boundaries of this element was not so distinct as in the case of B and C Carbon segregated to twin boundaries in BH material.The binding energy of C to the twin boundary was calculated to 0.16 eV.
According to the estimate of diffusion distances of C and B in BH material, during the high temperature water test, the measured concentrations of these elements at the grain boundary are probably the result of equilibrium segregation of B and C.
Substantial Cr depletion near the grain boundaries was observed in BH material.
A new type of precipitates, MB, was observed at the grain boundaries in BL material. *the investigated BH material was exposed during 13478 h to 365°C high purity water. 
